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Differences in perceived shape from shading correlate with
activity in early visual areas
G. Keith Humphrey*, Melvyn A. Goodale*, Chris V. Bowen†, Joseph S. Gati†,
Tutis Vilis‡, Brian K. Rutt# and Ravi S. Menon†
The perception of shape from shading depends on the
orientation of the shading gradient [1–4]. Displays
composed of elements with vertically oriented shading
gradients of opposite polarity produce a strong and
stable percept of ‘concave’ and ‘convex’ elements. If the
shading gradients are rotated 90°, the depth percept is
reduced and appears much more ambiguous. Results
from psychophysical [1–6], neuropsychological [7] and
computational studies [8,9] suggest that the perception
of shape from shading engages specific mechanisms in
early cortical visual areas. In a three-dimensional
functional magnetic resonance imaging (fMRI) study at
1.5 Tesla using a three-dimensional, interleaved-echo-
planar imaging technique and a surface radio frequency
(RF) coil placed under the visual cortex, we investigated
the activity in these early visual areas associated with
viewing shape from shading displays at two different
orientations. We found significantly greater activation in
area V1 and neighbouring low-level visual areas of
cortex when subjects viewed displays that led to weak
and unstable depth percepts than when they viewed
displays that led to strong and stable depth percepts.
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Results
We measured brain activity when subjects viewed two
types of shading displays (Fig. 1a,b) similar to those used
in psychophysical research [1–7]. The control displays
(Fig. 1c,d), similar to those used in previous studies
[4,5,7], were included to ensure that any observed differ-
ences in activation were not due to some more elementary
image feature such as luminance polarity. In addition, we
measured activity when subjects viewed a homogeneous
grey stimulus or a flickering checkerboard (Fig. 1e,f). In
each of these conditions, subjects fixated a cross in the
centre of the display.
As expected, the checkerboard stimulus produced the
greatest activity in the visual cortex and led to, on average,
a 2.7 % increase in signal magnitude relative to the grey
stimulus, which produced the least amount of activity.
Because the checkerboard was the most effective stimulus
for driving activity in early visual areas (while the grey was
the least), the difference in activity when viewing these
two displays was used to identify ‘active’ voxels for later
statistical analysis. Only those voxels that were significantly
different between the two states at the 99 % confidence
level according to t-tests were selected (n = 40 images per
subject). We then used anatomical landmarks from the
overlying anatomical MRI to demarcate regions of interest
(ROIs) in each subject. These ROIs included area V1
bilaterally, and involved most of areas V2 and V3 as well.
We computed the average of the ‘active’ voxels (see
above) within the ROI for each of the six subjects as they
viewed each of the four different displays — the
horizontal and vertical shading gradients and their respec-
tive black-and-white controls. To test for differences in
activation when subjects viewed the two shading gradi-
ents, we used a dependent t-test to compare the average
level of activation in these voxels in the two viewing con-
ditions. (Note that this was a direct statistical comparison
of the mean levels of activation in these two conditions
and was not a subtraction.) As Figure 2a shows, we found
significantly more activity when the horizontal gradients
(Fig. 1b) were viewed, compared with when the vertical
gradients (Fig. 1a) were viewed (t(5) = 2.58, p < 0.05). A
similar test of the difference in activation when subjects
viewed the two black-and-white control disks was not
significant (t(5) = 0.44, p = 0.68) (see Fig. 2a).
In these tests, some habituation to the stimuli might
have occurred because each stimulus presentation lasted
for a rather long time (more than 30 seconds; see Materi-
als and methods). As shown in Figure 2b, the difference
in activation levels for the two shading gradients was
considerably larger in the first two volumes. To evaluate
this difference, we conducted a second analysis in which
we restricted the comparisons to the first two volumes
(see Materials and methods). The pattern of results was
the same as that seen with the overall analysis, but the
difference between the two shading conditions was more
reliable (t(5) = 4.13, p < 0.01). Again, however, the differ-
ence in the two control conditions was not significant
(t(5) = 1.4, p = 0.21). (No direct statistical comparison was
made in either analysis between the activation levels of
the experimental and control conditions because their
spatial frequency content was so different that any differ-
ences in activation level would be uninterpretable.)
Another way of showing the difference in the activation
produced by the vertical and horizontal shading gradients
is to subtract the activation levels for these two conditions.
Figure 2d shows the results of a subtraction in which the
mean activity level for the first two volumes produced by
viewing the vertical shading gradient was subtracted from
the activity produced by the horizontal shading gradient
for each subject. All six subjects showed greater activity for
the horizontal than the vertical shading patterns (all mean
differences are positive), and the difference was greater for
the shading patterns than for the black-and-white control
stimuli in five out of six subjects. (A similar subtraction on
the mean results for all volumes showed that five out of six
subjects showed greater activity for the horizontal than the
vertical shading patterns, and the difference was greater
for the shading patterns than for the black-and-white
control stimuli in these same five subjects.)
The difference in the activation produced by the vertical
and horizontal shading gradients can also be illustrated by
subtracting the activation maps for these two conditions.
Figure 3a shows the results of such a subtraction for one
subject. When a similar subtraction was carried out for the
two black-and-white control conditions, no difference in
activation was observed (Fig. 3b). The pattern of results is
consistent with that obtained with the formal statistical
analysis of the absolute levels of activation in the two
experimental and control conditions (Fig. 2a).
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Figure 1
The stimuli used in the experiment: (a)
vertically oriented shading gradients; (b)
horizontally oriented shading gradients; (c,d)
control displays for (a,b), respectively; (e)
homogeneous grey field; and (f)
checkerboard.
Figure 2
(a) The mean activity levels for the six
subjects while viewing the two shading
gradients and the two bipartite control
patterns. Notice that the horizontal shading
gradient (H; Fig. 1b) produced more activity
than the vertical gradient (V; Fig. 1a)
(t (5) = 2.58, p < 0.05), whereas the two
black-and-white conditions produced
approximately equal amounts of activity
(t (5) = 0.44, p = 0.68). (b) The mean activity
levels for the six subjects for each of the five
volumes collected for the two shading
displays. (c) The mean activity levels for the
six subjects for each of the 5 volumes
collected for the two black-and-white control
displays. (d) The difference in activation levels
for the two shading patterns (horizontal minus
vertical) and the two black-and-white patterns
(horizontal minus vertical) for each of the six
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Discussion and conclusions
The results of this study show that there is a clear
relationship between activity in early visual areas and the
perceived depth and stability of shading gradients. There
was greater activity when subjects viewed displays that
result in unstable and weak depth percepts than when
they viewed displays that yield stable and clear depth per-
cepts. The fact that there was no significant difference
when black-and-white disks were presented in different
orientations shows that the change in activation associated
with the different shading gradients cannot be attributed
simply to a difference in the orientation of luminance
polarity.
It is not clear from the present study why the stronger and
more stable depth percept was associated with less activa-
tion in low-level visual areas than was the weaker and less
stable depth percept. This may seem to be a counterintu-
itive result, in that one might expect more activity to be
associated with clear and stable percepts. This difference
in activity, however, could be related to the difference in
the subjects’ experience with the two types of shading gra-
dient. In the real world, light typically comes from above.
Thus, most of the shading gradients we encounter on
curved surfaces would be similar to those depicted in
Figure 1a. Lighting from the side, such as that implied in
Figure 1b, would be encountered only rarely in the natural
world (recent psychophysical studies in our laboratory
have shown that subjects perform well on a shape from
shading discrimination task over a broad range of implied
lighting angles around the vertical, but their performance
falls precipitously as the implied direction of lighting
approaches the horizontal). Although greater activity is
sometimes reported with increased experience with partic-
ular stimuli [10], other studies have found that experience
leads to decreased cortical activity [10–12]. Perhaps the
vertical shading gradients elicit less activity because sub-
jects have been exposed repeatedly to this shading gradi-
ent throughout their lives. Alternatively, the familiarity
with this shading gradient could be embodied genetically.
The particular mechanisms that lead to the observed
difference in activation are not obvious, although we can
speculate about several possibilities. The difference could
reflect the activity of a specialized low-level network for
computing shape from shading [8,9] — particularly if this
network were differentially sensitive to the implied direc-
tion of illumination. There could have been an overall
reduction in number, but increase in selectivity, of the
cells coding for vertical shading gradients; such mecha-
nisms have been invoked to explain similar reductions in
the activity of cells in higher-order visual areas as stimuli
become familiar [10–12].
The different patterns of activations could also have arisen
because of differences in the synchronous firing of cells in
a number of early visual areas — a mechanism commonly
invoked to explain feature segregation and binding [13].
The efficient segregation and grouping of objects evident
in the vertical shading displays [1,2] could be a reflection
Figure 3
(a,b) Representative horizontal slices through
the brain of one subject showing differences in
activation across the experimental and control
conditions. (c) Sagittal view showing the plane
of section (red line); the yellow rectangle
illustrates the region in which the slices were
acquired. In (a,b), red to yellow, as shown in
the colour bar, represents an increasing
difference in activation indicating that viewing
horizontal shading gradients (or their
associated control disks) produced more
activity than viewing vertical shading gradients
(or their associated control disks). Blue to
violet represents an increasing difference in
activation indicating that viewing vertical
gradients produced more activity than viewing
horizontal gradients. (a) The difference map
obtained by subtracting the activation map for
the vertical shading display from the activation
map for the horizontal shading display. Notice
from the colour of the pixels that there was
always more activation when the horizontal
shading gradient was viewed than when the
vertical gradient was viewed. (b) The
difference in activation when a corresponding
subtraction was carried out on the maps
obtained with the black-and-white displays.
The absence of any coloured pixels shows
that, for this subject, viewing the horizontally
oriented black-and-white disks produced
neither more nor less activation than the
viewing the vertically oriented black-and-white
disks. The activation maps for the subtractions
described above were obtained for each
subject by first comparing statistically the
activation for the grey display with each of the
two experimental and control conditions. To
perform this comparison, the data were first
divided into two sets for each subject: one set
for the first half of the experiment and one set
for the second half of the experiment. Only
those pixels that were different according to a
t-test at the 95 % confidence level for both of
these data sets were used to create the
activation maps (the analysis was carried out
using the Stimulate analysis package, Center
for Magnetic Resonance Research, University
of Minnesota). After identifying the ‘active’
pixels for each of the two experimental and
control states relative to the grey state, the
final substractions described above were
carried out.
of such synchronous activity. The more synchronous the
firing, the less overall activity is needed in networks
coding objects and their relations.
The idea that mechanisms within early visual areas,
including V1, could be performing rather sophisticated
analyses of visual input is supported by a number of
studies (for example, [14–16]). But even though there is
increasing evidence that these early visual areas perform
complex analyses, top-down modulation of early visual
activity by higher-order cortical mechanisms could still be
playing a role (for example, [17]). The identification of the
underlying mechanisms will require detailed imaging of
the entire cortical visual system. In our experiment, we
used a surface coil which limited our observations to the
posterior regions of cortex. In future studies using a
4 Tesla magnet, we plan to investigate patterns of activa-
tion simultaneously, both in early visual areas and in
higher-order visual areas. But whatever the particular
mechanisms responsible for these differences turn out to
be, the present study provides the first demonstration that
the remarkable difference in perception that occurs when
a shading gradient is rotated is accompanied by a corre-
sponding change in the level of activation in early visual
areas of the human brain.
Materials and methods
Subjects
Six males, ranging in age from 24 years to 31 years, participated in the
experiment. The subjects were in supine position and tightly packed foam
padding and a bite bar were used to immobilize their heads inside the RF
coil. Earplugs were used to dampen extraneous sounds. The subjects
were scanned in a 1.5 Tesla clinical MR scanner (Signa, General Electric
Medical Systems, Milwaukee, Wisconsin) using a three-dimensional
interleaved echo-planar-imaging method [18,19] and a 13 cm circular
surface RF coil placed posteriorly under the region of the visual cortex.
Visual stimuli and paradigm design
The six displays used in the experiment (Fig. 1) were matched for space-
averaged luminance. The stimuli were presented to the subject using
diopter-corrected LCD binocular display video goggles (RTC, Van Nuys,
California). In each of the displays shown in Figure 1a–d there were eight
elements with one polarity and eight elements with the opposite (180°)
polarity. The 16 elements were arranged in a quasi-random manner that
changed location once every second to prevent local adaptation. The ele-
ments in Figure 1a,b had linear shading gradients from white to black.
The checkerboard flickered at a rate of 5 Hz. To help minimize eye move-
ments and control attentive state, the subjects were instructed to fixate
on a small fixation cross (+) in the centre of the display. This cross
changed orientation by 45° (×) for 1 sec at random time intervals
throughout the experiment. On average, the fixation cross changed orien-
tation once every 15 sec. Subjects were instructed to monitor the fixation
cross and squeeze a pressure ball whenever the orientation of the fixation
cross changed. The subjects maintained a high level of accuracy in
detecting a change in the orientation of the fixation cross that did not
differ across the various stimulus conditions (overall accuracy was
98.5 %). The six different displays were presented to each subject in
eight separate blocks. The order of presentation of the six displays was
varied randomly within each block and across subjects.
Data collection procedure
The acquired volumes were segmented into 16 slices (3 mm thick) for a
total slab thickness of 4.8 cm and oriented axially to encompass the
entire occipital pole. The in-plane resolution was 2.8× 2.8 mm and the
field of view was 180 mm (64 × 64 matrix). T2* weighted image volumes
(60 msec echo time, 90 msec repetition time, 20° flip angle) were
acquired to measure the BOLD effect [20] resulting from a difference
between an activated and nonactivated state. A single stimulus state was
imaged continuously for 34 sec (five imaged volumes at 6.76 sec each)
followed by the next stimulus state in random order. The six stimulus
states were repeated eight times for a total of 240 image volumes. Func-
tional activation data was overlayed onto high-resolution three-dimen-
sional spoiled gradient echo inversion-recovery-prepared T1-weighted
anatomical images (500 msec inversion time, 20° flip angle).
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